Priority and emerging pollutants in sewage sludge and fate during sludge treatment. Waste Management, Elsevier, 2014, 34 (7), pp.Highlights 14 15  117 pollutants were studied in different treated sludges from Parisian WWTPs 16  The pollutant pattern is quite similar in the different sludges 17  During centrifugation, no removal of pollutant is observed 18  Thermal drying allows a 10 -80% removal of alkylphenols, PAHs and MBT 19  Pollutants are not, similarly or more removed than dry matter during digestion 20 21 Abstract 22 23
Introduction
Wastewater treatment plants (WWTP) produce an important quantity of sludge resulting from total 21 suspended solids (TSS) removal and growth of microorganisms within biological treatments. Stasinakis, 2012) . 1 2 Contamination of WWTP sludges by micropollutants has been reported for several years (Clarke 3 and Smith, 2011; Harrison et al., 2006; Scancar et al., 2000) . This results from pollutant sorption 4 during primary and biological treatments because of their hydrophobicity or propensity to be 5 adsorbed on particles (Byrns, 2001) . As sludges are mainly land farmed, this contamination is 6 worrying especially considering accumulation of some micropollutants in sludge and their transfer 7 to the environment, like polybromodiphenyl ethers (PBDE) (Eljarrat et al., 2008) , metals (Chipasa, 8 2003), organotins (Craig, 2003) or polychlorobiphenyls (PCB) (Stevens et al., 2002) . To limit 9 contamination of the environment by micropollutants, European and national regulations have been 10 established to progressively forbid sludge disposal and regulate land farming. Such regulations 11 concern principally heavy metals, PAHs and PCBs (Table 1 ). In particular, the Urban Wastewater 12 Treatment Directive (EC, 1986) , amended by (91/271/EEC) (EC, 1991), states maximum thresholds 13 and maximum annual flux to land farm for metals. 14 
15
Table (EC, 1986 ) are given in brackets.
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Despite that, data and knowledge are still missing concerning i) the quality of treated sludges and ii) 19 the efficiency of the sludge treatment processes (STP) for micropollutant removal as well as the 1 mechanisms involved. This paper aims at improving and completing knowledge about Parisian 2 sludges contamination by micropollutants and their fate during four different STPs, i.e. anaerobic 3 digestion, centrifugation, thermal drying and sludge cake production. 4 As no typical sludge treatment layout can be identified, and different configurations exist depending 5 on the capacity of the treatment plant or the quality of treated sludge expected (regulations), the 6 characterization of each process individually seems to be a relevant strategy. 7 To achieve that, a large number of micropollutants (n=117) were monitored in these STPs. Contents 8 were measured in raw, digested, centrifuged, thermally dried sludges and sludge cake (cooked then 9 press filtered). Micropollutant removals were calculated, to better understand the behaviors of these 10 compounds and to determine the potential of these processes for controlling the micropollutant 11 contamination of sludge. 2. Material and methods 15 16 2.1. Sludge treatment processes (STP) description and sampling procedure 17 18 Three STPs from three WWTPs in Paris were studied ( Figure 1 ). It should be noted that these 19 WWTPs, run by the Parisian public sanitation service (SIAAP), treat wastewater from the same 20 catchment (downstream Paris conurbation) and the comparison of processes and treated sludges 21 (digested sludge -DS, centrifuged sludge -CS, sludge cake -SC and thermally dried sludge -TS, 22 Figure 1) is then relevant to underline the differences in micropollutants fate. 23 
24
The Seine Centre plant treats 240 000 m 3 of wastewater per day. Sludge produced is first 25 centrifuged to achieve a volume reduction, resulting in a production of almost 21 000 tons DM of 26 centrifuged sludge per year (SIAAP source). Then, sludge is incinerated producing ash and smoke, 27 which is specifically treated to minimize odors. The Seine Aval plant receives 1 700 000 m 3 of 28 wastewater per day (biggest in Europe) and produces more than 55 000 tons DM of treated sludge 1 per year (SIAAP source). The first STP consists in a mesophilic (37°C) anaerobic digestion to 2 transform an important part of organic matter into biogas and eliminating pathogens and parasites. 3 Digested sludge is then dewatered by thickening, thermal conditioning (heat exchange and cooking 4 at 195°C and 20 bars) and press filtration. These successive treatments allow reducing sludge 5 volume by more than a factor 10 (i.e. DM, sludges highlighting a removal during the sludge cake production process (thermal conditioning + 5 press filtration, Figure 1 ). This is most likely due to the solubilization of a fraction of the organic . This fraction is then removed with water during press filtration. In contrary, VM is rather 8 constant in both thermal drying and centrifugation, highlighting that VM is whether not or similarly 9 removed (no change in percentage) as DM during these treatments. A total of 117 pollutants were monitored and depending on the compound, two accredited 14 laboratories (COFRAC -French official accreditation committee) were involved: Eurofins and 15 SIAAP laboratory. Table 3 gives the different groups of pollutants monitored, their analytical 16 procedures and quantification limits. The complete list of studied compounds is given in supporting 17 material - Table 2 . 18 19 Only contents above the quantification limits were considered. Then, removals have been calculated 4 only when the compound is quantified both in inlet and outlet of the treatment. Removals could be 5 also evaluated when the compound is quantified only in inlet or outlet, but this case was not 6 encountered here. For the second part of this paper dealing with pollutant fate during sludge treatment, thermal drying 9 and centrifugation are differently examined from anaerobic digestion. In fact, dry matter is not 10 removed and only water quantity is reduced (volume reduction) during dewatering treatments such 11 as thermal drying and centrifugation. Given this, removals of micropollutant content (in mg/kg DM) 12 have been considered for these treatments since it is not linked to the volumetric flow, which varies 13 between inlet and outlet resulting from water removal. 14 In contrary, since the matrix is reduced as regards digestion, removal calculations were not based on 15 content removals but on the removal of micropollutant loads. Therefore, the micropollutant loads A conservation of volumetric flow during anaerobic digestion has been considered. The removal of 23 load (Rload) is then given by Equation 2, calculated from the removal of the micropollutant content 1 (RC) and the removal of the dry matter content (RDM).
3. Results and discussion 6 7 3.1. Micropollutant contamination of treated sludges 8 9 Figure 2 displays the quality of treated sludges regarding micropollutants. Each type of sludge 10 (number of samples in brackets) and quantification limits for each compound detected are 11 illustrated. A table with contents of all compounds found in treated sludges is given in supporting 12 material - Table 3 . In order to enable comparison of results, Out of the 117 molecules monitored (Table 3) generally quantified in sludge in lower contents than the detection limit in this study (50 µg/kg 8 DM), as showed by (Knoth et al., 2007) . Contrariwise, metals (Zn, Pb, Cu and Cr), organotins, 9 DEHP and alkylphenols are always detected in all samples. In addition, tributylphosphate, a 10 hydrophobic compound principally used as extractant and plasticizer but also employed as anti- 11 foaming or herbicide agent in detergents or paints, was detected in several samples. PCBs and 12 PAHs are classically found in sludges (Table 4 ), but they are only detected in sludge cake in this 13 study due to analytical performances (detection and quantification limits). 14 15 The pollutant content variability is broadly weak (less than one order of magnitude) for one type of 16 sludge except for alkylphenols. For this family, a variability of two orders of magnitude is observed 17 within a type of sludge, as observed for DS and TS comparatively to others sludges. This high 18 variability of NP was also observed for wastewater by (Bergé et al., 2012b). Contents from sludge 19 to sludge vary in a range of about one order of magnitude due to treatments but overall all sludges 20 have a similar micropollutant pattern. This is consistent as they are produced by WWTPs treating 21 water from the same catchment. Sludge cake and digested sludge are the most contaminated, 22 particularly for PAHs, PCBs and metals, with contents found in the upper part of the range. This 1 results from a dry matter removal of more than 40% allowed by digestion and further treatments 2 (sludge cooking) in Seine Aval (Figure 1) . In contrary, contents in centrifuged and thermally dried 3 sludges are found in the lower part of the range for most of the compounds. while other compounds are all found below 1 mg/kg dm. Tributylphosphate is poorly documented 10 in sludge and is found between 0.02 and 0.36 mg/kg DM. Surprisingly, DEHP is found in the very 11 lower part of the range displayed in the literature (0.1 -1 mg/kg DM), especially in digested sludge. 12 Nevertheless, (Blanchard et al., 2012) observed similar DEHP levels in sludge coming from the 13 same plants. 14 15 Comparing to regulations (Table 1) , treated sludges respect European standards (EC, 1986) for 16 metals overall, except Cd for which two sludge cake samples slightly exceeded the actual threshold 17 value (10 mg/kg DM). Similarly, French standards (Table 1) An important decrease of metal contents in sludge cake is observed since the 80s. In particular, 9 contents have decreased from 1980 to 2012 with a factor 3 for Zn (-70%), a factor 7 for Cr (-89%) 10 and a factor 3 to 5 for Ni (-88%), Cu (-65%), Pb (-80%) and Cd (-95%). This tendency results from Results obtained for both dewatering processes show a high variability of content removals, except 1 for metals and PAHs. The higher variability of removal for organic pollutants, particularly for 2 alkylphenols, compared to metals, probably results from both the significantly lower contents of 3 these compounds (higher analytical uncertainty) and the variability of the mechanisms involved in 4 their removal. For metals, the low variability can be explained by both the lower analytical 5 uncertainty and their fate during sludge treatment, since no removal mechanism is occurring for 6 them. Values calculated for hexachlorocyclopentadiene and tributylphosphate have to be considered with 9 caution as these molecules were always detected very close from their detection limits or not 10 detected. 11 12 Most of pollutants are broadly not removed during dewatering treatments, whatever the process 13 used. This is particularly significant for metals as they are known to be highly persistent (not Only alkylphenols, MBT, PAHs and BDE 209 seem to have a different behavior in both treatments. 18 Contrary to centrifugation, thermal drying seems to allow a quite stable removal of about 10 -40% 19 for PAHs and MBT, and a very variable removal of 20 -90% for alkylphenols. As temperature 20 inside the dryer reaches 260°C, transfers to atmosphere by desorption and volatilization could be Anaerobic digestion is widely used all over the world to stabilize sludge and reduce the quantity of 8 dry matter. Results obtained during campaigns performed are represented in Figure 5 As regards the three campaigns performed and similarly to dewatering processes, a higher 1 variability of removal is observed for organic pollutants (20-50%) than for metals like Pb or Cr 2 (max 30%), probably due to lower contents and a variability of degradation. However, three 3 different behaviors can be observed depending on the compound: i) conservation of load, ii) 4 removal in the same extent to dry matter removal and iii) removal higher than dry matter removal. 5 Conservative species are those which are not removed resulting in an increase of their contents 6 (mg/kg DM) in digested sludge, as matrix is partially removed (DM -42%, Table 2 ). In contrary, 7 compounds with removal of load higher than dry matter have their content decreasing in sludge. 8 Finally, a load removal comparable to dry matter removal is linked with stability in sludge content. 9 Thus, even if every positive load removal corresponds to a real elimination of the compound, it 10 doesn't reflect automatically a decrease of content in sludge. 11 12 Loads of metals are conservative during digestion which is consistent as they are not biodegradable 13 and volatile. Thus, this confirms the validity of the data treatment strategy applied in this study. 14 This conservation results in an increase of metal contents in sludge within treatments. In the context 15 of land farming, limitation of emissions (contamination of water) seems to be the easiest strategy to 16 reduce metals contamination of sludge. As it was previously shown (Meybeck et al., 2007) , this 17 strategy clearly leads to a decrease of contents in treated sludge. 18 19 Organotins are degraded similarly to dry matter except DBT which is not removed and even slightly 20 produced (-15%). This is confirmed by Figure 2 where it is clear that DBT content in digested 21 sludge is significantly higher than in other sludges. Biodegradation of TBT in DBT through 22 dealkylation mechanism has been observed at laboratory scale and in surface water and sediment (Patureau et al., 2008; Salanitro and Diaz, 1995) . 5 Thus, the lesser load removal observed for NP compared to other alkylphenols could actually 6 highlight that NP anaerobic biodegradation is slower than its formation from other alkylphenols 25 26 This study has investigated the fate of a large panel of micropollutants (n=117) during sludge 27 treatment and the quality of treated sludges obtained. While some data are available for anaerobic 1 digestion, centrifugation and thermal drying are still not documented. In addition, the content of a 2 lot of micropollutants in French and Parisian sludges in particular is not well documented. value. Historical evolution of micropollutants in sludge cake allows showing that contamination is 10 directly linked to compounds uses and establishment of regulations on uses seems to be an efficient 11 strategy to decrease the sludge content of micropollutants, as it is the case for metals.
Conclusions

13
Regarding dewatering processes, centrifugation and thermal drying seem to have no significant 14 impact on micropollutant content of sludge overall. A slight removal of alkylphenols, MBT and 15 PAHs by abiotic transfers (volatilization, hydrolysis) seems however to be possible by thermal 16 drying thanks to the high temperature inside the reactor. In contrary, digestion enables the removal 17 of a lot of organics. DEHP, BDE 209, organotins and alkylphenols are similarly or better removed 18 than dry matter which is the designing parameter of the process, while metals are persistent. This 19 result confirms that among the existing and largely used sludge treatments, digestion is the only one 20 with composting to really allow a reduction of the biodegradable micropollutants load.
22
Specific studies on mechanisms involved in thermal drying and on the fate of micropollutants 23 during composting should be held to complete this work. In addition, a similar work will be soon 24 performed on pharmaceuticals, to enrich the data base obtained and improve the understanding of This study was carried out within the framework of OPUR (Observatory of Urban Pollutants) 12 research program. The authors would like to thank SIAAP teams for their technical support and 13 their active participation in sampling campaigns and data analysis. 14 
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